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2. Ni/CNT促进合成气制甲醇 Cu-ZnO-Al2O3基催化剂研究 
a) 以金属 Ni化学还原沉积/修饰的 CNT（记为 y%Ni/CNT，y%为质量百分
数）作为促进剂，制备共沉淀型 y%Ni/CNT促进的合成气高效合成甲醇
Cu-ZnO-Al2O3 催化剂 Cu6Zn3Al1-x%(y%Ni/MWCNT)（x%为质量百分
数）；实验发现，组合适量 y%Ni/CNT 到 Cu6Zn3Al1基质催化剂中，能
明显地提高其催化合成气转化为甲醇的反应活性。在 2.0 MPa，493 K，
H2/CO/CO2/N2= 62:30:5:3，GHSV= 2700 mL(STP)• h–1•(g-catal.)–1的反应
条件下，所观测 CO 转化率达 34%，相应甲醇时空产率为 442 
mg•h–1•(g-catal.)–1，是非促进的基质催化剂Cu6Zn3Al1 [最佳操作温度 513 
K 时为 320 mg•h–1• (g-catal.)–1] 和单纯 CNT 促进的催化剂












分别的 1.38 和 1.17倍。在反应温度 ≤ 503 K时产物中甲醇的选择性 ≥ 
98%；当反应温度 > 503 K时有可观量 CH4的生成，其选择性随催化剂
中 Ni 含量及反应温度上升而增加。为兼获较高的 CO 转化率及相应甲
醇选择性，催化剂的组成以 Cu6Zn3Al1-12.5%(8%Ni/CNT)为佳，反应温
度以~493 K为宜。 
b) 对比评价不同制备方法（包括：“浸渍＋共沉淀法”，即 Cu6Zn3Al1- 





性以及最低的操作温度；在 2.0 MPa， 493 K，H2/CO/CO2/N2= 
62/30/5/3(v/v)，GHSV=2700 mL(STP)•h-1•(g-catal.)-1的反应条件下，Catal-H
催化剂上甲醇合成的时空产率（在 493 K 达到 442 mg•h–1•(g-catal.)–1）分
别是“常规浸渍＋共沉淀法”制得的催化剂（简写为 Catal-J，在其最佳操
作温度 523 K 达到 152 mg•h–1•(g-catal.)–1）的~2.9倍，是“直接一次共沉
淀法”制得催化剂（简写为 Catal-Z，在其最佳操作温度 523 K 达到 127 
mg•h–1•(g-catal.)–1）的~3.5 倍；表明对于 Ni 组分的引入方式而言，化学
还原预沉积法优于常规浸渍法，更优于直接一次共沉淀法。 
c) 考察 Ni 化学还原沉积/修饰的不同基质促进剂（8％Ni-SiO2 和 8％
Ni-AC）的促进效应，结果表明，  8%Ni/CNT 促进的催化剂
（Cu6Zn3Al1-12.5% (8%Ni/CNT)）具有最佳的活性、选择性及较低的操
作温度；在 2.0 MPa，493 K，H2/CO/CO2/N2=62/30/5/3(v/v)，GHSV=2700 
mL(STP)•h-1•(g-catal.)-1 的反应条件下，Cu6Zn3Al1-12.5%(8%Ni/CNT)催
化剂上甲醇时空产率（达 442 mg•h–1•(g-catal.)–1）是 Cu6Zn3Al1－12.5%(8














（在其最佳操作温度 533 K 达到 337 mg•h–1•(g-catal.)–1））的~1.31 倍；
表明作为 Ni组分的载体，CNT优于 SiO2，也优于 AC。 
d) 比表面积和活性铜表面积的测量结果表明，在 Cu-ZnO-Al2O3基催化剂
中引入适量 8%Ni/CNT能显著提高其氧化态催化剂的比表面积（SSA）
及预还原态催化剂的活性 Cu 表面积（Cu-SA）。Cu6Zn3Al1－12.5% 
(8%Ni-CNTs)催化剂的SSA和Cu-SA分别为 77.2 和 41.2 m2•(g-catal.)-1，
是非促进的 Cu6Zn3Al1基质催化剂（分别为 50.1和 34.1 m2•(g-catal.)-1）
的 1.5和 1.2 倍，是单纯 CNT促进催化剂 Cu6Zn3Al1－12.5%CNT（分别
为 63.1和 38.6 m2•(g-catal.)-1）的 1.2和 1.07倍。活性 Cu表面积的增加
无疑有助于增加可供合成气进行催化转化反应的表面活性位，于是有助
催化剂比活性的提高。 
e) H2-TPR的比较研究显示，Ni修饰 CNT促进的催化剂 Cu6Zn3Al1-12.5% 
(8%Ni/CNT)具有较高的低温还原活性；其还原活化所需温度低于单纯
CNT促进的催化剂 Cu6Zn3Al1-12.5%CNT，更明显低于非促进的基质催
化剂 Cu6Zn3Al1、以及 8%Ni/AC和 8%Ni/SiO2促进的相应参比催化剂；
所观察到的这些催化剂的低温可还原活性的高低顺序与它们对甲醇合
成的催化活性高低顺序相一致。 























g) CO-TPD 观测揭示，433 K 温度下 CO 在预还原 Cu6Zn3Al1-12.5% 
(8%Ni/CNT)试样上吸附时，其相应 TPD高温峰（相应于对甲醇合成可
能作出实际贡献的 CO吸附物种的脱附）的面积明显地高于非促进的参
比催化剂 Cu6Zn3Al1、单纯 CNT 促进的 Cu6Zn3Al1-12.5% CNT，以及
8%Ni/AC和 8%Ni/SiO2分别促进的相应参比催化剂。在 Cu-ZnO基催化
剂中添加适量 8%Ni/CNT ，一方面促进其活性 Cu表面积显著增加，另




h) H2/CO/CO2的 TPD-TPSR 测试结果显示，适当添加少量 y%Ni/CNT 于
Cu-ZnO-Al2O3催化剂中，可导致所促进的 Cu 基催化剂对 H2和 CO 或
CO/CO2共吸附的总吸附量大为提高，并明显高于非促进的参比催化剂
Cu6Zn3Al1、单纯 CNT 促进的催化剂 Cu6Zn3Al1-12.5%CNT，以及
8%Ni/AC和 8%Ni/SiO2分别促进的相应参比催化剂；它们对 H2/CO/CO2
的总吸附量高低顺序与其对甲醇合成的催化活性高低顺序相一致。在温
度低于 413 K时观测到的脱附物种主要是 H2、CO和 CO2；当温度高于
413 K时，可能由于 CO2的参与导致 CO加氢成醇的 TPSR反应加速，
脱附产物不仅含 H2、CO和 CO2，也含有一定量的加氢反应产物甲醇，
并使整个 TPD-TPSR过程在温度达到～700K时即行结束。 
i) XRD和 XPS－Auger的联合表征结果显示，在 Cu6Zn3Al1基质催化剂中
添加适量助剂 8%Ni/CNT并不导致工作态催化剂的相组成及活性 Cu物






















比活性显著增加（从 320增至 442 mg•h–1•(g-catal.)–1，增幅达 38%）并不能





醇的主要反应途径并不随少量 8%Ni/CNT 的加入而发生改变，这也与 XRD
和 XPS-Auger 的表征结果，即：在 Cu6Zn3Al1 基质催化剂中添加少量
8%Ni/CNT助剂并不导致工作态催化剂的相组成及活性Cu物种的价态及不
同价态 Cu 物种（Cu0和 Cu+）的相对浓度发生明显变化，的观测结果相一



















a) Ni修饰 CNT是 Cui-Znj-Alk-Ox催化活性组份优良的分散剂，促使催化剂
的比表面积和活性 Cu 表面积明显增加，为 CO/CO2加氢反应提供更多
的表面催化活性位；  
b) Ni 修饰 CNT 是 H2优良的吸附、活化、存储剂，它有利于在工作态催
化剂上营造高稳态吸附氢浓度的表面氛围，这些活泼氢吸附物种通过
“氢溢流”容易传输至 Cu0或 Cu+-ZnO活性位，于是有助于提高 CO/CO2
加氢生成甲醇反应过程中一系列表面加氢反应的速率；  
c) 在 Ni修饰 CNT促进的催化剂上，CO/CO2加氢成甲醇的反应温度可以
比非促进的基质催化剂 Cu6Zn3Al1下降~30 K，这将有利于提高 CO加氢
的平衡转化率和甲醇的平衡产率。 
 




































Among C1 chemicals, methanol is the species which is most widely used in 
various chemical applications; and more recently, it has been used as a clean 
synthetic fuel additive, and even considered as an alternate fuel source. In the 
existing methanol synthesis technology, only a small part (~10%) of the syngas 
feed was converted to methanol, while a greater part of un-reacted feed, after 
separation from methanol, must be recycled again and again so as to enhance the 
utilization ratio of the syngas feed. The process and equipment were relatively 
complicated, and extra energy was consumed for the separation and recycling. 
More active catalysts and lower-temperature processes with high single-pass 
conversion of syngas have been one of the key objectives for research and 
development efforts. 
Carbon-nanotubes (CNT) are drawing increasing attention recently. This 
type of new carbon material possesses a series of unique features, such as its 
nanosized channel, the highly conductive graphite-like tube-wall, the 
sp2-C-constructed surface, and its excellent performance of hydrogen adsorption 
and activation. These features make the CNT full of promise to be a novel 
catalyst carrier or promoter. 
In the present work, a Ni-modified CNT-based composite material, marked 
as Ni/CNT, and the corresponding Ni/CNT-promoted Cu-ZnO-Al2O3 catalysts 
for methanol synthesis from syngas were prepared by chemical reduction 
deposition and by co-precipitation methods, respectively. The performance of 
the latter for catalyzing conversion of syngas to methanol was evaluated in a 













compared with that of the Ni/CNT-free or singly CNT-promoted corresponding 
catalyst as reference.  The nature of promoter action was discussed together 
with the results of characterization of the catalyst systems by XRD、EDX、
TEM、SEM and TPD etc.. Several significant results are described as follows: 
 
1. Study of Preparation of Ni-modified CNT-based Material 
By using chemical reduction-deposition method, a metallic 
nickel-decorated multi-walled carbon nanotube material, symbolized as 
y%Ni/CNT, was prepared. TEM and XRD measurements demonstrated that the 
metallic nickel was evenly coated onto the carbon nanotube substrate, with 
granule-diameter of the Nix0-crystallites at ~12 nm。The H2–TPD measurement 
showed that the modification of metallic nickel to the CNT resulted not only in 
an increase by 80% in the total amount of its adsorbing hydrogen, but also in 
pronounced enhance of its capacity of dissociatively adsorbing hydrogen.  
 
2. Study of Ni/CNT-promoted Cu-based Catalyst for Methanol 
Synthesis 
With the prepared composite nano-carbon material (Ni/CNT) as promoter, 
highly active y%Ni/CNT-promoted  Cu-ZnO-Al2O3 catalysts, symbolized as 
Cu6Zn3Al1-x%(y%Ni/CNT), were prepared by co-precipitation method. Their 
catalytic performance for methanol synthesis from H2/CO/CO2 was studied, and 
compared with the corresponding y%Ni/CNT-free catalyst, Cu6Zn3Al1, and 
singly CNT-promoted catalyst, Cu6Zn3Al1-12.5%CNT, as reference systems.  
It was experimentally found that appropriate incorporation of a minor 













catalyst activity for methanol synthesis. Under the reaction conditions of 2.0 
MPa, 493 K, H2/CO/CO2/N2 = 62/30//5/3(v/v), GHSV= 2700 mL(STP)-h-1- 
(g-catal.)-1, the observed CO-conversion over a coprecipitated catalyst of 
Cu6Zn3Al1-12.5%(8%Ni/CNT) reached 34%, with the corresponding STY of 
methanol at 442 mg-h–1-(g-catal.)–1，which was about 38% and 17% higher than 
those over the Cu6Zn3Al1 and Cu6Zn3Al1-12.5%CNT catalysts, respectively, at 
the respective optimal operation temperature, 513 K and 503 K.  
Addition of the minor amount (12.5%) of 8%Ni/CNT to the Cu6Zn3Al1 
catalyst was also found to considerably increase metal Cu surface area (Cu-SA) 
of the catalyst (from 34 to 41 m2 g-catal-1, by an increase of 20%). This was 
undoubtedly in favor of enhancing the specific activity of the catalyst. However, 
it could hardly be rationalized that the 13% increase of the intrinsic reaction rate 
of CO (from 0.077 to 0.087 µmol-CO s–1 (m2-surf. Cu)–1 both at 503 K) in terms 
of the increase of the Cu-SA. 
The characterization of the catalytic system indicated that doping of the 
minor amount of 8%Ni/CNT into the Cu6Zn3Al1 brought about little change of 
apparent activation energy for conversion of syngas to methanol, implying that 
the addition of the minor amount of 8%Ni/CNT to the CuiZnjAlk did not alter 
the reaction pathway of hydrogenation of CO/CO2 to methanol. This could 
obtain support from the results of the XRD and XPS-Auger measurements of the 
catalysts, which demonstrated that doping of the minor amount of the CNT into 
the Cu6Zn3Al1 did not lead to significant change in the phase-composition of 
Cu-component in the functioning catalyst and in the relative concentrations of 














The H2-TPR measurement showed that addition of the minor amount of 
8%Ni/CNT to the Cu6Zn3Al1 host catalyst led to a decrease of ~36 K in 
temperature needed for reduction-activation of the catalyst. The H2-TPD 
measurements revealed that the 8%Ni/CNT and the pre-reduced 
Cu6Zn3Al1-12.5%(8%Ni/CNT) system could reversibly adsorb and store a 
considerably greater amount of hydrogen under atmospheric pressure at 
temperatures ranging from room temperature to ~573 K.  This unique feature 
would be beneficial to generating microenvironments with higher 
stationary-state concentration of active hydrogen-adspecies on surface of the 
functioning catalyst, especially at the interphasial active-sites since the highly 
conductive 8%Ni/CNT might promote hydrogen spillover from the Cu-sites to 
the Cu/Zn interphasial active-sites, and thus be favorable to increasing the rate 
of the CO hydrogenation reactions.  
The results of the present work indicated that the metallic nickel-modified 
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